The Wnt/β-catenin signaling system plays essential roles in embryonic development and in the self-renewal and maintenance of adult stem cells. R-spondins (RSPOs) are a group of secreted proteins that enhance Wnt/β-catenin signaling and have pleiotropic functions in development and stem cell growth.
The Wnt/β-catenin signaling system plays essential roles in embryonic development and in the self-renewal and maintenance of adult stem cells. R-spondins (RSPOs) are a group of secreted proteins that enhance Wnt/β-catenin signaling and have pleiotropic functions in development and stem cell growth.
LGR5, an orphan receptor of the G protein-coupled receptor (GPCR) superfamily, is specifically expressed in stem cells of the intestinal crypt and hair follicle. Knockout of LGR5 in the mouse results in neonatal lethality.
LGR4, a receptor closely related to LGR5, also has essential roles in development, as its knockout leads to reduced viability and retarded growth. Overexpression of both receptors has been reported in several types of cancer. Here we demonstrate that LGR4 and LGR5 bind the R-spondins with high affinity and mediate the potentiation of Wnt/β-catenin signaling by enhancing Wntinduced LRP6 phosphorylation. Interestingly, neither receptor is coupled to heterotrimeric G proteins or to β-arrestin when stimulated by the R-spondins, indicating a unique mechanism of action. The findings provide a basis for stem cell-specific effects of Wnt/ β-catenin signaling and for the broad range of functions LGR4, LGR5, and the R-spondins have in normal and malignant growth.
cell signaling | stem cell control | gastrointestinal growth | colon cancer A dult stem cells are specialized, undifferentiated cells that are capable of self-renewal and of generating all cell types of the tissue in which they reside. They are generally identified and traced by one marker, or a set of markers, that is specifically expressed in these cells. These markers are likely to constitute some of the important processes that ultimately define stem cells, and thus hold key information to the understanding of stem cell biology. Nevertheless, for the majority of these markers, the functions remain unknown. LGR5 (leucine-rich repeat containing G protein-coupled receptor 5) has been identified and validated as a marker of the crypt basal columnar stem cells along the gastrointestinal tract and of the bulge stem cells in the hair follicle (1) (2) . This receptor, also known as HG38, GPR49, and FEX, was first reported by us as an orphan receptor (HG38) with homology to the glycoprotein hormone receptor subfamily of the class A rhodopsin-like seven transmembrane (7-TM) domain, G proteincoupled receptors (GPCRs) (3) (4) (5) .
LGR5 is closely related to two other receptors, LGR4 and LGR6 (∼50% identity between each other), and together the trio (LGR4-6) forms a structurally distinct group of 7-TM receptors that have a substantially large N-terminal extracellular domain (ECD) composed of 17 leucinerich repeats (6) . Knockout of LGR5 in the mouse leads to total neonatal lethality accompanied by ankyloglossia and gastrointestinal distension (7) . Loss of LGR4 results in reduced viability with developmental defects in many organs, including the kidney (8, 9) , testis (10, 11) , eye (12) , bone (13) , skin (14) , and gall bladder (15) . LGR4 and LGR5 are also overexpressed in several types of cancer and can promote the growth/metastasis of tumor cells (16) (17) (18) . Despite the critical roles of LGR4 and LGR5 in normal and cancer development and stem cell-specific expression, their endogenous ligands, signaling mechanisms, and potential functions in stem cells remain a mystery.
The R-spondin (RSPO) protein family is a group of four secreted proteins (RSPO1-4) that were isolated as strong potentiators of Wnt/β-catenin signaling (19) (20) (21) . These proteins share 40-60% identity between each other and a similar structure with a cysteine-rich furin-like domain preceding a thrombospondinlike domain (22, 23) . RSPO1-4 can stimulate the proliferation of intestinal crypt stem cells both in vivo and in vitro through enhancement of Wnt/β-catenin signaling (20, 23, 24) . Although it has been postulated that RSPOs bind to and activate the Wnt coreceptor LRP6 (21, 25) , there have been conflicting reports on the direct interaction between RSPOs and LRP6 (19, 26) . Here we show that RSPOs potentiate Wnt/β-catenin signaling by actually functioning as ligands of LGR4 and LGR5.
Results

RSPO1-4 Bind to and Cointernalize with
LGR4 and LGR5. We set out to identify endogenous ligands of LGR4 and LGR5 using a variety of strategies. Initial studies using cell lines overexpressing LGR4 or LGR5 failed to identify any receptor-associated constitutive activity in classical GPCR assays, including stimulation/inhibition of cAMP production, Ca 2+ mobilization, and β-arrestin translocation. We also selected a panel of secreted proteins as potential ligands on the basis of various rationales (Table S1 ) and tested them extensively in G protein signaling or β-arrestin translocation, but failed to identify any positive hits. We then turned our attention to the R-spondins as candidate ligands on the basis of their strong mitogenic effect, specifically on LGR5 + cells (20, 24) and the lack of any unequivocally identified receptors. As no functional assay was available for LGR4 and LGR5, we tested whether RSPO1 could directly bind to LGR4 and LGR5. HEK293 cell lines stably expressing either LGR4 or LGR5 with a Myc tag at the N terminus were established. A fusion gene construct (mRSPO1-Fc), encoding the mature form of mouse RSPO1 and the Fc fragment of mouse IgG2a that was validated to produce biologically active RSPO1 (24) , was transfected into HEK293 cells to produce RSPO1 as a secreted protein. The Fc fragment serves as a highly sensitive tag for binding and localization detection. When mRSPO1-Fc was incubated with cells expressing LGR4 or LGR5 at 4°C (to prevent internalization), a strong signal indicative of binding (green) was observed on the cell surface. Coimmunostaining with an anti-receptor-tag antibody (red) showed colocalization (yellow) of LGR4 and LGR5 with mRSPO1-Fc (Fig. 1A) . In contrast, no binding was observed in control (vector-transfected) cells (Fig. 1A) . When the binding was carried out at 37°C in live cells, both receptors (red) and mRSPO1-Fc (green) were Author contributions: K.S.C., X.G., Q. Lin, and Q. Liu designed research; K.S.C., X.G., Q. Lin, A.T., and Q. Liu performed research; K.S.C., X.G., Q. Lin, and Q. Liu analyzed data; and Q. Liu wrote the paper.
The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. found in intracellular bodies (Fig. 1B) . Superimposing of the two images revealed near complete colocalization of mRSPO1-Fc with each receptor (Fig. 1B) , indicating that mRSPO1 was cointernalized with LGR4 and LGR5. Interestingly, intracellular staining of LGR4 and LGR5 was also observed in the absence of mRSPO1-Fc (Fig. S1B ), which may be caused by either constitutive internalization or endogenous expression of multiple RSPOs in HEK293 cells (19) (Fig. S3A) . No nonspecific Fc-associated staining (green) was observed in the absence of mRSPO1-Fc at either 4°C or 37°C (Fig. S1 ). HEK293 cell lines stably overexpressing LRP6 were also tested for binding of mRSPO1-Fc. Although the cells exhibited strong expression of LRP6, no mRSPO1-Fc binding was detected at either 4°C or 37°C ( Fig. 1 A  and B and Fig. S1C ), indicating no direct interaction between mRSPO1-Fc and LRP6.
Next, we confirmed the binding of mRSPO1-Fc to LGR5 by FACS analysis. Cells overexpressing LGR5 displayed increased fluorescence intensity as a population compared with vector control cells in the presence of mRSPO1-Fc (Fig. S2A ). In contrast, no shift in fluorescence intensity was observed between populations of LRP6 cells and control cells (Fig. S2A) . Expression of LGR5 and LRP6 in these cells was confirmed by FACS using anti-receptor-tag antibodies ( Fig. S2 B and C). On the basis of the structural similarity of LGR4 and LGR5 to the glycoprotein hormone receptors, the extracellular domains of LGR4 and LGR5 are expected to be soluble and bind the cognate ligand. We confirmed that the ECDs of LGR4 and LGR5 coprecipitated with mRPSO1-Fc, but not with control IgG (Fig. 2A) . We then developed a fluorescence-based whole-cell competition binding assay to determine whether purified, recombinant RSPO1-4 could compete with mRSPO1-Fc for binding to LGR4 and LGR5. RSPO1-4 were able to completely displace the binding of mRSPO1-Fc to LGR4 and LGR5 with IC 50 s in the nanomolar range ( Fig. 2 B and C and Table 1) , with the exception of the micromolar IC 50 s for RSPO3 and RSPO4 binding to LGR4 (Table 1) . Taken together, the results of our binding analysis indicate that RSPO1-4 can bind to LGR4 and LGR5 with RSPO2 having the highest affinity to both receptors.
LGR4 and LGR5 Potentiate Wnt/β-Catenin Signaling in Response to RSpondin. Previously, it was demonstrated that RSPOs potentiate β-catenin/T cell factor (TCF) signaling in a Wnt-dependent fashion (20-22, 25, 26) . Using a β-catenin-responsive reporter assay (27) , we examined the effect of RSPO treatment on Wnt/ β-catenin signaling in HEK293T cells overexpressing LGR4 or LGR5 in the presence of exogenous Wnt3a. Cells transfected with LGR4 or LGR5 displayed a dramatic increase in the potencies of RSPO1-4, ranging from 10-to 1,000-fold, with no significant change in the maximum activity (E max ) of the reporter enzyme compared with vector-transfected cells (Fig. 3 A-D and Table 1 ). Furthermore, both LGR4-and LGR5-transfected cells showed elevated basal activity relative to vector control cells (Fig.  3 A-D) . This could be due to endogenous expression of RSPOs in HEK293T cells (Fig. S3A) and/or constitutive activity of the receptors.
The strong endogenous response of HEK293T cells to RSPOs in the β-catenin reporter assay suggested that one or more of the LGRs are endogenously expressed in these cells. Indeed, quantitative RT-PCR analysis revealed that both receptors are expressed in HEK293 and HEK293T cells with LGR4 yielding the highest expression level (Fig. 4A) . After HEK293T cells were transfected with LGR4-siRNA, LGR5-siRNA, or both, to knockdown their expression, we found that the cells transfected with LGR4-siRNA or LGR5-siRNA showed ∼50% or ∼30% reduction, respectively, in response to RSPO1 compared with control siRNA-transfected cells (Fig. 4B ). Cells transfected with both LGR4-and LGR5-siRNA showed no further reduction in response (Fig. 4B) . The responses to RSPO3 were also reduced to approximately the same extent (Fig. S3B) . Quantitative RT-PCR analysis confirmed a commensurable decrease in the mRNA levels of LGR4 and LGR5 (Fig. 4C) . The incomplete suppression of endogenous response to RSPO1 and RSPO3 is most likely due to the only partial knockdown of the two receptors. Furthermore, the inhibitory effect of LGR4-siRNA was completely rescued when the cells were cotransfected with LGR4 (Fig. 4D ). These data indicate that the endogenous response of HEK293T cells to RSPOs in the reporter enzyme assay is largely mediated by LGR4, consistent with its higher mRNA level and robust response to RSPO1-4 when overexpressed.
Next, we focused on LGR5 and RSPO1 to investigate the mechanism of action and potential interactions with other players of the Wnt/β-catenin signaling pathway. To characterize the requirement of Wnt3a for RSPO activity, we examined the activity of RSPO1 in vector and LGR5-overexpressing cells at different concentrations of purified recombinant Wnt3a. In vector cells, increasing concentrations of Wnt3a produced a corresponding increase in RSPO1 response (Fig. 4E) . In cells overexpressing LGR5, RSPO1 showed a much a higher potency at the same concentration of Wnt3a compared with vector cells (Fig. 4F vs.  4E) . Furthermore, the potency of RSPO1 is nearly constant across the various concentrations of Wnt3a in LGR5-overexpressing cells (Fig. 4F , EC 50 = 11, 5.7, 6.3, and 9.4 pM for 0, 0.08, 0.8, and 8 nM of Wnt3a, respectively), whereas the E max is proportional to Wnt3a concentration. We also examined the potential requirement of LRP6 to mediate RSPO1-LGR5 activity. Transfection of LRP6 alone increased Wnt3a-mediated activity by ∼20-fold, but did not change the potency of RSPO1 (Fig. S3C) . Cotransfection of LRP6 with LGR5 increased basal activity by another ∼4-fold compared with LRP6-transfected cells (Fig.  S3C) . The potencies of RSPO1 in LGR5-overexpressing cells and LRP6-LGR5 cells (0.016 and 0.009 nM, respectively) were similar, yet much higher than those observed in LRP6-transfected and control cells. Overexpression of the extracellular domain of LRP6 (LRP6ECD), which behaves as a dominant negative form of LRP6, led to the loss of the effect of RSPO1 (Fig. S3C) . Because DKK1 antagonizes Wnt signaling by binding to LRP6 and blocks RSPO activity (26), we also examined its effect on LGR5-mediated RSPO1 activity. Cotransfection of DKK1 completely blocked the activity of RSPO1 in vector cells as well as in LGR5-transfected cells (Fig. S3D) . These data, taken together with the activity of RSPO1-4 in LGR4-or LGR5-transfected cells, precisely demonstrate that the potencies of RSPO1-4 are determined by the receptor levels of LGR4 and LGR5, whereas the maximum activity is dependent on the level of Wnt3a and the presence of LRP6. The results of our functional and binding analysis are consistent with a model in which RSPOs directly binds to LGR4 and LGR5 to increase the activity of Wnt/ β-catenin signaling.
Potentiation Is Mediated Through Enhanced LRP6 Phosphorylation.
Wnt/β-catenin signaling is characterized by a series of events starting with phosphorylation and internalization of LRP5/6 subsequent to ligand binding, followed by inhibition of GSK3β and an increase in the levels of active β-catenin (28). Previously, it was shown that RSPO1 enhances Wnt3a-induced LRP6 phosphorylation (pLRP6) and active β-catenin accumulation in HEK293 cells (19-21, 25, 26) . We confirmed the synergistic effect of RSPO1 and Wnt3a in inducing LRP6 phosphorylation and increasing levels of β-catenin in HEK293 cells (Fig. 5A) . Knockdown of the endogenous expression of LGR4 and LGR5 by siRNA led to significant reduction of this effect (Fig. 5A) , which, together with the data of the β-catenin reporter assay following expression knockdown, indicate that expression of LGR4 and LGR5 in HEK293T cells is essential for RSPO-enhanced phosphorylation of LRP6 and β-catenin accumulation. We also examined the effect of LGR5 overexpression on pLRP6 and β-catenin accumulation following Wnt3a-RSPO1 treatment.
LGR5-overexpressing cells showed increased basal levels of pLRP6 and β-catenin compared with vector cells (Fig. 5B) , consistent with increased basal activity in the β-catenin reporter assays (Fig. 3) . Surprisingly, treatment of Wnt3a and RSPO1 in LGR5-overexpressing cells led to decreased levels of pLRP6 and β-catenin (Fig. 5B) . We then compared the time course of pLRP6 and β-catenin accumulation between vector and LGR5-overexpressing cells following treatment with Wnt3a and RSPO1. In vector cells, the levels of pLRP6 and β-catenin increased with time through 6 h (Fig. 5C ). In LGR5-overexpressing cells, pLRP6 also increased with time, but started to decline at 4 h and almost totally disappeared at 6 h. The level of β-catenin failed to reach the maximum level of the vector cells and began to decline at the 6 h time point (Fig. 5C) . The results suggest that stimulation of cells overexpressing LGR5 with its ligand and Wnt3a accelerates either LRP6 dephosphorylation or pLRP6 degradation, as well as enhances β-catenin turnover.
LGR4 and LGR5 Are Not Coupled to Heterotrimeric G Proteins or to β-Arrestin. As LGR4 and LGR5 are predicted to be members of the GPCR family on the basis of their homology to the glycoprotein hormone receptors and other rhodopsin-type GPCRs, we investigated whether LGR4 and LGR5 are coupled to heterotrimeric G proteins and/or to β-arrestin. Surprisingly, we did not detect activation of any of the three classic pathways of G proteins [G αs , G αq , and G α(i/O) ] in HEK293T cells with or without the overexpression of LGR4 or LGR5 following treatment with various concentrations of RSPOs (Fig. S4 A-E). Cotreatment with Wnt3a did not cause any difference. As some 7-TM receptors are only coupled to β-arrestin (29), we then examined β-arrestin translocation in HEK293T cells cotransfected with β-arrestin2-GFP and LGR4 or LGR5 following treatment with mRSPO1-Fc or purified RSPO1, with or without Wnt3a. No indication of β-arrestin translocation was observed under any circumstances, whereas ligand-receptor colocalization was clearly confirmed (Fig. S5A) . As a positive control, robust translocation was observed in cells overexpressing the β2 adrenergic receptor and treated with isoproterenol (Fig. S5B) . These data indicate that LGR4 and LGR5, despite having significant homology to the rhodopsin type of GPCRs in the transmembrane regions, are coupled to neither G proteins nor β-arrestin, at least when they are stimulated by the R-spondins.
Discussion
Through a candidate ligand approach, we have uncovered that the R-spondins are high-affinity ligands of LGR4 and LGR5 using a series of binding and functional analyses. The results of the β-catenin reporter assays consistently showed that the potencies of RSPO1-4 are determined by the level of LGR4 and LGR5 expression, whereas the maximum activity is determined by levels of Wnt3a and LRP6. Overexpression of LGR5 led to elevated basal levels of β-catenin reporter activity as well as increased levels of LRP6 phosphorylation and β-catenin, whereas knockdown of endogenous LGR4 expression in HEK293T cells leads to decreased response to RSPOs. The data, together with previously published results (19, 22, 26) , strongly suggest a model in which activation of LGR4 and LGR5 by RSPOs leads to an increase in Wnt-dependent LRP6 phosphorylation and consequently enhanced β-catenin activity. However, the exact mechanism of how the activation of LGR4 and LGR5 by RSPOs leads to enhanced LRP6 phosphorylation remains to be understood. We found no evidence for the involvement of heterotrimeric G proteins or β-arrestin. On the other hand, we invariably observed that receptors of LGR4 and LGR5 are highly internalized into large intracellular bodies, with or without being bound by RSPO. Interestingly, it is well established that Wnt/β-catenin signaling requires internalization of the Wnt coreceptors and the sequestration of glycogen synthase kinase 3 inside multivesicular endosomes (30, 31) . Therefore, one possible scenario is that the RSPO-LGR complex enhances the internalization of the frizzledWnt-LRP6 signalosome into multivesicular endosomes, leading to enhanced LRP6 phosphorylation. However, an intriguing observation is that the level of β-catenin in LGR5-overexpressing cells following R-spondin stimulation exhibits a reduction in the overall accumulation at later time points compared with control cells (Fig. 5 B and C) . This is opposed to the dramatic increase of β-catenin reporter activity in LGR5-overexpressing cells following R-spondin addition. Of the potential explanations for this disconnect, one is that LGR5 potentiates β-catenin signaling through enhancing the activity of one or more of the cofactors of β-catenin/ TCF while accelerating its desensitization. Another one is that Rspondin stimulation in LGR5-overexpressing cells induces a transient increase in β-catenin level that leads to rapid increase in reporter gene transcription and accumulation of reporter enzyme activity, but was not reflected at any of the time points by immunoblot analysis. We are actively testing these and other possibilities as well as conducting a systematic investigation for the signaling mechanisms of LGR4 and LGR5. Physiological relevance of the R-spondins as ligands of LGR4 and LGR5 is strongly supported by previous observations made in vitro and in vivo. In organoid cultures of LGR5 + stem cells isolated from the intestine, addition of RSPO1 leads to increased β-catenin/TCF signaling only in the LGR5 + stem cells, but not in the LGR5
− daughter cells (32) . In whole crypt cultures, supplementation with RSPO1 increased proliferation of the LGR5 + cells (24) . Overexpression of RSPO1 in vivo resulted in massive, specific proliferation of LGR5 + crypt stem cells (20, 24) . Importantly, RSPO1 was found to be expressed in the Paneth cells of the crypt, which surround and form the niche for the LGR5 + stem cells (32, 33) . Furthermore, knockout of LGR5 led to dysregulation of Wnt/β-catenin in the intestine characterized by enhanced Wnt/β-catenin signaling without increase in epithelial cell proliferation (34) . Because overactivation of Wnt/β-catenin signaling typically results in increased cell proliferation in the intestine (35, 36) , the authors hypothesized that LGR5 plays a negative role in Wnt/β-catenin signaling, but is required for cell proliferation (34) . Our finding that LGR5 not only enhances Wnt/β-catenin signaling but also appears to accelerate the degradation of pLRP6 and β-catenin suggests that activation of LGR5 in the intestine potentiates the Wnt/β-catenin signaling system in the stem cells to generate signals that are essential for cell proliferation as well as for the down-regulation of Wnt/β-catenin signaling. Overall, the results and conclusions reported here provide an explanation for the specific effect of RSPO1 on LGR5 + cells and the importance of Wnt/β-catenin signaling for the maintenance of the stemness of stem cells. These findings will facilitate the investigation of the signaling mechanisms and physiological functions of LGR4 and LGR5 and RSPOs in development and in the self-renewal and maintenance of stem cells and the understanding of their roles in tumor formation, growth, and metastasis. Modulation of the activities of this ligand-receptor system may offer novel approaches to the development of regenerative medicine and cancer treatment.
Materials and Methods
Detailed descriptions of materials and protocols can be found in the SI Materials and Methods. LGR5 expression knockdown on endogenous response to Wnt3a-RSPO1 in LRP6 phosphorylation and β-catenin levels. HEK293T cells were transfected with control, LGR4-, or LGR5-siRNA, or both, and 2 d later, the cells were stimulated with RSPO1 (4 nM), or Wnt3a (3 nM), or both for 3 h. Phospho-LRP6 at Ser1490 (pLRP6), total LRP6 (tLRP6), nonmembrane-associated β-catenin (membrane-bound β-catenin was removed with Con A-sepharose beads), and β-actin (loading control) were then probed by immunoblot analysis. (B) Change in pLRP6 and β-catenin levels in response to RSPO1 and Wnt3a treatment in vector and LGR5-overexpressing cells. HEK293 cells stably expressing vector or LGR5 were stimulated with RSPO1 (0, 3, and 10 ng/mL) with or without Wnt3a CM for 3 h, and probed as above. (C) Time course of LRP6 phosphorylation and changes in β-catenin levels following Wnt3a and RSPO1 treatment. The cells were stimulated with RSPO1 (100 ng/mL) and Wnt3a CM for 0-6 h and probed as above.
Materials. N-terminal Myc-tagged full-length mouse LGR4, human LGR5, LGR5ECD, N-terminal HA-tagged mouse LGR4ECD, N-terminal HA-tagged LRP6, and LRP6ECD were constructed using standard cloning techniques. All clones were verified by DNA sequencing. The plasmid Super 8× TOPFlash was purchased from Addgene. pRL-SV40 (SV40 promoter-controlled renilla luciferase) was purchased from Promega. Plasmid encoding mRSPO1-Fc was from Dr. Calvin Kuo at Stanford University, La Jolla, CA. All recombinant proteins were purchased from R&D Systems.
Cell Lines and Immunocytofluorescence Confocal Microscopy. Plasmids of Myc-LGR4 and Myc-LGR5 were transfected into HEK293 using Fugene 6 (Roche), and bulk stable cells were selected and maintained with puromycin at 1 μg/ mL. Cells expressing Myc-LGR4 or Myc-LGR5 were incubated with mRSPO1-Fc either at 4°C for 2 h or 37°C for 45 min, washed, fixed, permeabilized (only the cells incubated at 37°C), and costained with goat antimouse IgG2a plus anti-Myc or anti-HA antibody for 1 h at room temperature. The cells were then washed and nuclei were counterstained with TO-PRO-3. Images were recorded and analyzed using confocal laser scanning microscopy (Leica; TCS SP5 microscope) with LAS AF Lite software.
Coprecipitation Analysis and Whole-Cell Binding Analysis. Immunoprecipitation was carried out as described (25) . For whole-cell competition binding analysis, the cells were incubated with mRSPO-Fc at 4°C for 3-4 h plus various concentrations of competitor, washed, fixed in 4% paraformaldehyde/PBS, washed and incubated with Alexa Fluor 647-labeled goat antimouse IgG (H+L) for 1 h at room temperature, and washed again. Fluorescence intensity was measured using a Tecan M1000 plate reader with excitation at 630 nm and emission at 670 nm. All experiments were performed at least twice with quadruplicate replicates in each experiment. Data were analyzed using the software GraphPad Prism 5.
β-Catenin Reporter Assays. TopFlash assays were performed as before with slight modifications (25) . Briefly, HEK293T cells were transiently transfected with plasmids of vector or receptor, Super 8× TOPFlash firefly luciferase, and pRL-SV40-renilla luciferase reporter at a ratio of 1:1:0.1 (weight) using FuGene HD, treated with various concentrations of RSPOs in Wnt3a conditioned media (CM) (1:4 dilution). Luciferase assay measurements were carried out using the Dual-Glo luciferase assay kit (Promega) according to the manufacturer's protocol. All experiments were performed at least twice with quadruplicate replicates in each experiment and the data were analyzed using GraphPad Prism 5. The siRNA used in this study were the human LGR4 and LGR5 ON-Targetplus SMARTpool, and Nontargeting pool as a negative control (Dharmacon).
Quantitative RT-PCR and Immunoblot Analysis. RNA was isolated using the TRIzol method and quantified expression levels of LGR4 and LGR5, and RSPO1-4 were determined from an ssDNA standard curve using the primers listed in Table S2 , and expression was normalized to levels of 18S rRNA. Phospho-LRP6 was probed with a phospho-Ser1490-specific antibody (Cell Signaling; 2568) and total LRP6 were probed with an anti-LRP6 polyclonal antibody (Cell Signaling; 3395). β-Actin were also probed as protein-loading control. Immunoblotting of cytosolic (nonmembrane bound) β-catenin were carried out using cell lysates that were treated with ConA-sepharose beads overnight followed by centrifugation to remove cadherin-bound β-catenin and probed with the anti-β-catenin antibody that detects total β-catenin (Cell Signaling; 9562). All immunoblotting procedures were carried out using HRP-conjugated secondary antibodies by following manufacturer's suggested protocols.
